Mucinous tubular and spindle cell carcinoma (MTSCC) is a relatively rare subtype of renal cell carcinoma with distinctive morphologic and cytogenetic features. Here we carry out whole exome and transcriptome sequencing of a multi-institutional cohort of MTSCC (n=22). We demonstrate the presence of either biallelic loss of Hippo pathway tumor suppressor genes (TSGs) and/or evidence of alteration of Hippo pathway genes in 85% of samples. PTPN14 (31%) and NF2 (22%) were the most commonly implicated Hippo pathway genes while other genes such as SAV1 and HIPK2 were also involved in a mutually exclusive fashion. Mutations in the context of recurrent chromosomal losses amounted to bi-allelic alterations in these TSGs. As a read-out of Hippo pathway inactivation, a majority of cases (90%) exhibited increased nuclear YAP1 protein expression. Taken together, nearly all cases of MTSCC exhibit some evidence of Hippo pathway dysregulation.
Introduction
Several large scale sequencing studies have sought to understand the biology of the most common renal cell carcinomas (RCC) including clear cell (KIRC)(1), papillary (KIRP) (2) and chromophobe (KICH)(3) subtypes however, rarer subtypes of RCC have not been characterized comprehensively at the genomic level. Mucinous tubular and spindle cell carcinoma (MTSCC) is a relatively rare, recently characterized, but well established subtype of RCC which contains a biphasic epithelioid and spindle cell component (4) . While the majority of patients with these tumors have a favorable prognosis, a small but distinct subset can be associated with an aggressive clinical phenotype and poor outcome.
MTSCC demonstrates a relatively consistent immunophenotype, cytogenetic aberration pattern, and express lineage-specific markers of the kidney such as PAX8 (5) . These characteristics, combined with the unique morphological phenotype of MTSCC (a variable combination of epithelial spindle cells with focal to abundant stromal mucin), suggest that this tumor may have a convergent mechanism of pathogenesis. To explore this, we assembled a multi-institutional cohort of 22 MTSCCs and carried out whole exome sequencing of tumor matched with adjacent normal as well as capture transcriptome sequencing of the samples (6) . This integrative sequencing strategy allowed us to broadly survey single nucleotide variations (SNVs), small insertions-deletions (indels), germline alterations, amplifications and deletions, gene fusions and expression signatures (7, 8) .
Results

Mutational Landscape and Recurrent Hippo Pathway Mutations in MTSCC
The mean patient age in our MTSCC cohort was 62 years (range: 44 to 78 years), with a variable tumor size (mean 5.1 cm; range 2.0 cm to 15.0 cm, Supplementary Table S1 ). All twenty two tumors exhibited classic morphologic features of MTSCC, as described above and illustrated in Figure 1A (confirmed by two genitourinary pathologists, JKM and RM). We obtained genomic DNA from matched tumor and normal formalin fixed paraffin embedded (FFPE) tissue samples and analyzed them by whole exome sequencing (Materials and Methods). Capture transcriptome libraries were generated from total RNA isolated from matched tumor and normal samples (Materials and Methods). We obtained high quality exome sequencing data from all 22 tumor/normal samples as indicated by the high alignment, depth of coverage, and overall low PCR duplication rate ( Supplementary Table  S2 ). In addition we also obtained high quality capture transcriptome data implied by the high spliced junctions (indicative of transcriptome library complexity) from 10 matched tumor normal specimens ( Supplementary Table S2 ). Analysis of matched tumor/normal capture genome data revealed a relatively low number of somatic mutations within the coding region in both the discovery (n=10) and validation (n=12) cohorts. MTSCC exhibited an average of 9 non synonymous mutation calls per sample, ranging from 2 to 26. MTSCC contains an average of 0.86 mutations per Mb which is ( Fig 1B) consistent with previously reported low mutation rates in kidney cancers of 1.45, 1.1 and 0.4 mutations per Mb in KIRC(1), KIRP(2) and KICH(3) respectively, excluding samples with a hyper-mutator phenotype characteristic of defective DNA mismatch repair. The somatic mutation data was queried for trinucleotide signature patterns reported by Alexandrov et al (9) but no significant pattern was noted primarily due to the low mutation burden in this disease (data not shown).
To identify mutations with likely functional significance, somatic calls were ranked according to known activating oncogenic mutations and recurrent inactivating tumor suppressor mutations ( Supplementary Table S3 ). This classification aided in the immediate recognition of highly recurrent Hippo pathway tumor-suppressor gene (TSG) mutations in our list. This included, recurrent somatic alterations in the protein tyrosine phosphatase nonreceptor type 14 (PTPN14) in seven cases (7/22, 31%) with a median variant allele frequency (VAF) of 66%, neurofibromin-2 (NF2; merlin) in 5 cases (5/22, 23%) at 58% median VAF besides salvador homolog 1 (SAV1) and Itchy E3 Ubiquitin Protein Ligase (ITCH)(10) in one case each with 77% and 39% VAF respectively ( Supplementary Table  S3 ). All PTPN14, NF2, SAV1 mutations observed were loss of function resulting from either frameshift insertions/deletions (indels; 7 cases), splice site mutations (5 cases) or nonsense mutation (1 case). Schramm et al (11) recently reported 2 relapsed neuroblastoma cases with loss-of-function missense mutations in PTPN14 and showed that ectopic expression of the Hence PTPN14's functionality in binding and negatively regulating YAP1 oncogenic function(12) may be compromised in our index cases. NF2 an extensively studied tumor suppressor gene, is an upstream regulator of Hippo pathway and its mutations results in nonmalignant brain tumors in a syndrome termed neurofibromatosis type 2 (13) . While SAV1 is a core member of the Hippo pathway, most of the mutated genes in this cohort are established associate members (14) . SAV1 is known to interact with the MST1 kinase and enhance LATS phosphorylation which in turn negatively regulates YAP (13) . Hence losses in NF2, SAV1, and PTPN14 in MTSCC, will likely result in YAP1 activation in the corresponding index tumors.
We also observed additional somatic mutations in independent cases among established members such as Dachsous Cadherin-Related 2 (DCHS2) and Homeodomain Interacting Protein Kinase 2 (HIPK2) and putative Hippo pathway genes involving Zinc Finger DHHC-Type Containing 5 (ZDHHC5), Zinc Finger DHHC-Type Containing 15 (ZDHHC15) (15) ( Supplementary Table S3 ). However, aberrations in HIPK2, DCHS2, ZDHHC5 and ZDHHC15 aberrations may all represent subclonal events as the VAF's of 16%, 4%, 10%, and 21% respectively are lower compared to the other Hippo pathway calls ( Supplementary  Table S3 ). To study this further we obtained exome sequencing data from three independent tumor sites that are spatially well separated, from 3 cases namely, RC_1099, RC_1098 and RC_1097 ( Supplementary Fig S1) . In RC_1099 all sites sequenced showed high VAF for PTPN14 mutation demonstrating its clonal nature. As expected in both RC_1098 and RC_1097, the VAFs for DCHS2 substantially increased in 2 independent sites and absent in the third, while the VAF for ZDHHC5 showed significant increase in one another site, supporting the subclonal nature of these aberrations ( Supplementary Fig S1) .
Recurrent Copy Number Alterations and Bi-allelic loss of Hippo Pathway Tumor Suppressor Genes in MTSCC
Owing to widespread chromosomal loss commonly observed in MTSCC we reasoned that a second hit particularly in TSGs may be acquired via copy number variation (CNV). To investigate this, we generated copy number profiles (Materials and Methods) from matched tumor/normal capture genome data and queried for recurrent events in this disease. Our analysis of the 22 cases revealed monosomy of chromosomes 1, 6, 9, 14, 15 , and 22 in 100% of cases, and chromosomes 4, 8 and 13 with 90%, 81% and 90% respectively ( Fig 1C and Supplementary Fig S2A) . Importantly, chromosomes 1, 14 and 22, harbor PTPN14, SAV1 and NF2 genes respectively, and showed one copy loss in all samples which amounts to biallelic loss of these Hippo pathway TSGs in the index tumors. The recurrent chromosomal loss we observed by exome sequencing supports a recent study by Peckova et al(16) that reported similar recurrent chromosomal losses using array CGH and FISH strategies. Importantly none of the samples in this cohort with pure MTSCC histology displayed chromosomes 7 and 17 gains, commonly noted as gains in type I papillary RCC (17) . The recent TCGA papillary RCC (KIRP) study reported Hippo pathway mutations (NF2 and SAV1) in 4% of the samples and used CNV to classify tumors into 3 groups such as genome stable, unstable and chromosome 7/17 gains (2) . Given the morphologic overlap between MTSCC and a minor subset of PRCC, we used our knowledge of mutations and copy number patterns to identify any possibly misclassified samples in the TCGA KIRP cohort (2) . We first investigated the level 3 TCGA copy number data available for 161 KIRP cases by principal component analysis and observed at least 3 outlier samples (TCGA-B3-3926, TCGA-F9-A7QO, TCGA-UN-AAZ9) with the signature MTSCC type chromosomal losses and lacking characteristic genetic alterations associated with type I PRCC(2) (Supplementary Figs S2B and S2C) and subsequent analysis of updated TCGA KIRP cohort (n=288) identified a fourth case (TCGA-G7-A8LC). Interestingly, SAV1 loss of function mutations combined with a haploid status of chromosome 14 observed in the three cases suggested a double hit in this Hippo pathway gene. The fourth sample had a missense mutation in DOCK11, that could be a potential Hippo pathway regulator located on the X chromosome similar to roles proposed for DOCK7, 8 and 9 recently (18, 19) ( Supplementary Fig S2C) . Our analysis of the TCGA KIRP data showed that Hippo pathway mutations are frequently associated with genome unstable KIRP samples with various cancer subtype classification (mutually exclusive of chr17/7 gain and MET mutations) ( Supplementary Fig 2D) .
Besides the chromosome level losses observed in our current study, we also observed few focal copy losses such as FAT Tumor Suppressor Homolog 1, FAT1 loss in RC_1099. We also observed rare gains of whole chromosome 5 (2/22 cases) however focal gains were absent. Taken together, integration of somatic mutation and copy number data revealed homozygous loss of the critical Hippo pathway tumor suppressor genes (PTPN14, SAV1, NF2), as a recurrent molecular theme in MTSCC. Importantly, we noticed that most cases in this cohort had strong evidence for mutually exclusive aberration in at least one Hippo pathway gene (except RC_1099, and RC_1139 where we saw additional aberrations among potential Hippo pathway members namely, TANC2, SKIV2L2 (19-21) mutations and FAT1 loss) ( Fig 1C) .
MTSCC Gene Expression Analysis
To assess whether the pattern of chromosomal loss is reflected at the transcriptome-level, we examined the RNA-seq data obtained in the discovery cohort, from four matched tumor normal pairs generated in this study. Upon identifying loci (genes and intergenic regions) with significant differential expression, we found that on the haploid chromosomes the great majority of loci showed a global decrease in transcript levels relative to the diploid chromosomes ( Fig 1D) . This link is further accentuated in the Gviz plot which shows a gene wise representation where vast majority of the genes on haploid chromosomes (1, 4, 6, 8, 9, 13, 14, 15 and 22) showed decreased expression as compared to diploid chromosomes (2, 3, 5, 7, 10, 11, 12, 16, 17, 18, 19, 20, 21) . ( Supplementary Fig S3A) . Overall, the majority of differentially expressed genes in MTSCC were down-regulated ( Supplementary Fig S3B) . To identify transcriptional targets of the Hippo pathway in kidney we performed PTPN14 knockdown followed by RNA-seq in 2 kidney cancer cell lines (CAKI-1 and A-704) and a normal kidney epithelial cell line (HK-2). PTPN14 siRNAs were first functionally validated in a MCF-7 TEAD reporter luciferase stable cell line. Both siRNAs showed comparable knockdown efficiency and significantly increased luciferase reporter activity ( Supplementary  Fig S4A and 
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Author Manuscript LATS1 knockdown within each cell line (HK2, CAKI-1 and A704) ( Supplementary Fig   S4D) , the overlap across the 3 cell lines was only 23 genes (Supplementary Figs S4E and Supplementary Table S4 ). Further, these 23 genes did not show concordant differential expression in MTSCC tumors ( Supplementary Fig S4F) . Overall, these results illustrate the marked tissue specificity of Hippo pathway targets.
In an alternate approach to assess the functional impact of Hippo pathway inactivation, we performed enrichment analysis and identified several altered transcriptional signatures. We noted enrichment of hepatocyte nuclear factor (HNF) targets where HNF4A/1A targets were significantly down-regulated ( Supplementary Fig S5A and Supplementary Table S5 ). HNF1 and 4 are master regulators of the hepatic transcriptome and considered tumor suppressor genes in liver cancer. Interestingly, a recent study has directly implicated the Hippo pathway in regulating hepatocyte differentiation where enhancer occupancy of HNF4A and FOXA2 was modulated by YAP activation (22) . In addition, another previous report showed downregulation of HNF4A, upregulation of HNF1B upon ectopic YAP overexpression in mouse liver organoids(23) ( Supplementary Fig S5B) . Since hepatocyte nuclear factors are drivers of kidney development and differentiation (24, 25) they may also play a role in the ubiquitous down-regulation of kidney marker expression observed in MTSCC ( Supplementary Fig S5C) . In the normal human tissue RNA-seq compendia data from "The Genotype Tissue Expression study (GTEX data) (26) significant HNF gene expression was found in liver, colon, pancreas, kidneys and small intestine ( Supplementary Fig S6A) and in the kidney, prominent HNF expression was noted in renal proximal tubules (27, 28) . We next assessed HNF1A, 1B and 4A transcript expression in MTSCC and the TCGA pan kidney cancer dataset(1-3) ( Supplementary Figs S6B and S6C ). We found that among major renal cancers, chromophobe RCC (KICH) showed the most significant downregulation of HNF1A and HNF4A similar to MTSCC, which suggests that loss of HNF transcriptional activity is common across renal cancers, as previously reported(29) (Supplementary Figs S6D and S6E).
YAP1 Protein Expression in MTSCC
The deleterious somatic mutations in PTPN14, NF2 and SAV1 genes in the context of their functional protein domains are depicted in Figure 2A . Loss of function of negative regulators of Hippo pathway such as the kinases Large Tumor Suppressor Kinase (LATS), Serine/ Threonine Kinase 4 (STK4 also called MST) and factors such as NF2, PTPN14 are known to stabilize the transcription coactivator protein YAP1 and increase its nuclear localization (11, 13, 23 ). In addition, our cell line experiments demonstrated upregulation of YAP transcriptional activity in an established reporter cell line and increased cell proliferation upon PTPN14 knockdown in various kidney cell lines ( Supplementary Fig S4) . Nuclear localization of YAP1 will render support to Hippo pathway inactivation caused by loss of the tumor suppressors PTPN14, NF2 and SAV1. Immunohistochemistry (IHC) assessment with a validated anti-YAP1 antibody revealed YAP1 protein nuclear localization in 90% of the MTSCC tumors (Figs 2B, 2C, Supplementary Fig S7A and S7B and Supplementary Table S6 ). Among the 13 tumors with biallelic loss of hippo pathway tumor suppressors (NF2, SAV1, PTPN14) all samples showed nuclear YAP staining except one where the staining was very weak ( Fig 2C) . In addition, we also noticed increased YAP1 
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Author Manuscript protein expression in tumors compared to background benign renal parenchyma in 68% of cases ( Figs 2B, 2C , Supplementary Fig S7A and S7B and Supplementary Table S6 ). In comparison, concurrent YAP1 immunohistochemistry performed on a tissue microarray (TMA) consisting of 21 clear cell renal cell carcinomas, 21 papillary renal cell carcinomas, 22 chromophobe renal cell carcinomas, 22 oncocytomas and 10 benign renal tissues demonstrated these cases to be negative for YAP1 overexpression ( Supplementary Table S6 ). Taken together the Hippo pathway alterations in MTSCC predominantly consist of loss of function events in putative tumor suppressor components and missense aberrations in putative oncogenic components likely leading to oncogenic YAP1 activation ( Fig 2D) . When genetic alteration of the Hippo pathway is considered along with nuclear YAP1 protein expression, nearly all cases evaluated exhibited some evidence of Hippo pathway dysregulation suggesting a convergent mechanism of pathogenesis.
Putative Cellular Origin of MTSCC
To identify nephron sections that could potentially give rise to MTSCC we followed correlation based approaches as proposed by Davis et al. for KICH (3) . We leveraged two existing datasets on human (30) and rat (31) dissected nephrons obtained through SAGE and RNA-seq, respectively. To emphasize differences in gene expression patterns that are specific to MTSCC and the various nephron sections all expression profiles were standardized relative to normal kidney tissue (see methods). We also identified marker genes specifically expressed in each rat nephron section). An outline of the analyses is represented in Supplementary Fig S8A. Correlations were calculated either across all genes ( Supplementary Fig S8B) , all marker genes (n=600, Supplementary Fig S8C and S8D) , or specific transcription factors (n=41) (see methods. As expected, strong correlations with proximal tubule, terminal portions of the proximal tubule, and distal nephron sections were noted for TCGA KIRC, KIRP, and KICH, respectively. MTSCC samples showed substantial heterogeneity, but appeared distinct from all other major RCC types. Overall, a trend of positive correlations was observed for some sections of the proximal tubule and loop of Henle, while mostly negative correlations were observed for distal nephron regions for both human and rat datasets ( Supplementary Fig S8B, S8D, S8E ). To further discriminate between MTSCC and KICH, the two types of RCC with an overlapping pattern of chromosome losses, we restricted the correlation analysis to transcription factors, previously shown to exhibit cell type specificity across nephron sections (31) . Interestingly, MTSCC samples positively correlated with the loop of Henle, a region that was previously speculated to be associated with MTSCC(32), while conversely KICH strongly correlated with distal tubule (3) ( Supplementary Fig S8F) . For example, IRX5 a marker of loop of Henle is highly expressed in MTSCC, and absent in KICH, whereas FOXI1, a marker of the distal nephron, was present in KICH and absent and in MTSCC ( Supplementary Fig S8G) .
Discussion
Our study now adds MTSCC to a growing list of cancers(13) with recurrent aberrations among Hippo pathway members including somatic mutations, gene fusions and copy number variations. Unlike the basal cell carcinomas involving the skin which harbor a high mutational burden and where Hippo pathway genes LATS1 and PTPN14 loss was observed 
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Author Manuscript in 31% of cancers (33) , recurrent Hippo pathway aberrations with a low overall mutational burden ( Fig 1B) , and recurrent chromosomal losses ( Fig 1C) seems to define the molecular signature of MTSCC. Current study provides evidence for the first time about the existence of intra tumor mutational heterogeneity in MTSCC. Distinct chromosomal copy number variations is a recurring theme in RCCs such as KICH (3) with losses in chromosomes 1, 2, 6, 10, 13 and 17, KIRP(2) with gains in chromosomes 7 and 17 gain and MTSCC. We believe further subgrouping of renal cancer samples profiled thus far, based on variation in CNV pattern may identify novel disease subtypes, which can then be refined by cross platform integrative data analysis, which along with single cell sequencing of normal kidney cell types and tumors may provide a deeper understanding of the ontology of these cancers.
The mechanisms and causes of these chromosomal losses, whether it is a sequential event and its association with tumor progression, remain as interesting and unanswered question. Chromosomal losses seem to have a major influence on the MTSCC gene expression pattern ( Fig 1D) and may likely alter Hippo pathway gene regulation, in a disease and tissue specific manner. Our attempts to delineate Hippo pathway targets in kidney by knockdown experiments showed very low overlap across the 3 different models and genes such as CTGF and CYR61, previously shown to be induced by loss of Hippo pathway in liver were not regulated in kidney. These findings are consistent with the low overlap between YAP transcriptional targets identified in various profiling studies indicating a strong cell type and tissue specific gene regulation by the Hippo pathway (13) . Lack of a cell line model for MTSCC hinders our efforts to further characterize the functional effects of Hippo pathway aberrations in this tumor. However our analysis has identified several novel upregulated genes in MTSCC tumors such as VSTM2A ( Supplementary Fig S3) both in our cohort and in TCGA index samples identified in Supplementary Fig S2, that could be further evaluated as potential biomarkers.
Finally, the cell of origin for MTSCC remains controversial (16, 32, 34) . Our results based on expression correlations with dissected nephron sections suggest loop of Henle as a putative candidate and support previous electron microscopic studies by Srigley J. et al (32) . Alternatively, MTSCC may arise form a rare cell type with low representation across the dissected nephron samples. Clearly, further studies are necessary to confirm these observations.
In summary, whole exome and transcriptome sequencing of MTSCC revealed recurrent copy number alterations and somatic mutations of Hippo signaling pathway genes. Bi-allelic loss of Hippo pathway tumor suppressor genes namely PTPN14, NF2 and SAV1 was found in approximately 60% of MTSCCs (Fig 2) 
Author Manuscript or metastasis. These molecular data highlight the possibility of emerging clinical/therapeutic approaches to rare tumors in this era of precision oncology (35, 36) . Supplementary Table S1 .
Methods
Sample Procurement and Clinical Study
Reagents
YAP1 antibody (catalog# 4912s) used for immunohistochemistry and Western blot analysis was purchased from cell signaling technology. YAP1, PTPN14, LATS1 and control siRNAs were purchased from either Thermofisher or Ambion.
Nucleic Acid Isolation
Genomic DNA and total RNA was isolated from five 10 micron sections of matched tumor and normal FFPE specimens using "All Prep FFPE DNA/RNA Isolation" kit (Qiagen, Valencia, CA). The gDNAs and total RNAs were quantitated using Nanodrop spectrophotometer. RNA quality was determined using Bio-Analyzer.
Sequencing Library Preparation and Next Generation Sequencing
Capture genome and capture transcriptome libraries were prepared as recently described with modifications (6, 37) . Briefly for capture genome libraries three micrograms of gDNA was subjected to minimum shearing using Covaris. Libraries were prepared with Sciclone G3 NGS workstation (Perkin Elmer) following the Kappa HT library preparation kit protocol (Kappa Biosystems cat#KK8234) using the sheared DNA as input. Libraries were size selected for 200-350bp using dual SPRI bead selection and subjected to PCR amplification with KapaReadyMix regeant in the kit. One microgram of the library was used for capture with Human all exon v4 capture probes following manufacturer's instructions (Agilent). Post hybridization and wash, the DNA bound to beads was PCR amplified, purified and analyzed by BioAnalyzer before sequencing. For capture transcriptome libraries, 5micrograms of total RNA was used in a reverse transcription reaction and the obtained cDNA was subsequently taken to a second strand DNA synthesis as described previously (6) . Following second strand synthesis we used Sciclone G3 NGS workstation (Perkin Elmer) with the Kappa HT library preparation kit to produce the libraries that were then captured with Human all exon v4 capture probes as described above. Both capture genome and transcriptome libraries were sequenced using HiSeq 2500 (Illumina) as described in Cieslik et al (6) . All dataset will be deposited in the public repository dbGAP upon acceptance for publication.
Western Blotting
Half a million cells of H1299 cells were plated in 6 well plates the day before transfection. YAP1 or control siRNAs (silencer select) were transfected with RNAiMax (Thermofisher) and 48 hours post transfection cells were lysed to monitor knockdown efficiency by western blotting. For western blotting cell lysates were resolved in 4-12% NuPAGE gels and transferred onto nitrocellulose membranes. Post transfer the membrane was blocked in 5% milk and incubated with either YAP1 (4°C overnight) or anti GAPDH-HRP (1hr room temperature) antibodies. After washing the YAP1 blot was incubated with HRP conjugated secondary antibody and the chemiluminescence signal was obtained with ECL kit (Amersham) was captured on X-Ray films.
Cell Lines, siRNA Transfection, Proliferation, RNA Isolation and Quantitative Reverse Transcription Polymerase Chain Reaction
Caki-1, HK2 and A-704 cells were purchased from American Type Culture Collection (ATCC) in April 2015, and authenticated by STR DNA fingerprinting (on 30 th June [Cak1-1 and HK2] and 20 th August 2015[A-704]) at the University of Michigan DNA Sequencing Core using Identifiler+kit (Applied Biosystems, Inc) and the resulting amplicons were analyzed in ABI3720XL Genetic Analyzer. Routine mycoplasma testing was also performed using MycoAlert Plus kit (Lonza) every three weeks while in culture, following manufacturers recommendations. The cells were grown in McCoy, Keratinocyte and RPMI media supplemented with 10% FBS, penicillin, and streptomycin respectively. siRNAs were obtained from Ambion and transfected (25nM) using Lipofectamine RNAimax (Invitrogen). For transfection 0.4 million cells were plated in a 6-well plate before transfection. 48 hrs after transfection cells were trypsinized, counted and replated for proliferation assay.
Remaining cells were used for RNA isolation using miRNA easy kit (Qiagen). RNA was converted to cDNA using Superscript III (Invitrogen) to perform qRT-PCR.
Luciferase Assay
MCF7 cells stably expressing TEAD regulated luciferase was purchased (BPS Bioscience, San Diego, CA) and maintained in 10% DMEM supplemented with insulin. To study the effect of knockdown of PTPN14 on YAP1/ TEAD regulated luciferase, cells were transfected with 25nM of either non-targeting or PTPN14 siRNAs. After 48 hours of transfection cells were lysed in 1× passive lysis buffer (Promega). Equal amount of protein was used to measure the luciferase activity using luciferase assay reagent (Promega).
Immunohistochemistry
In the current study, IHC were performed on representative whole tumor sections from the MTSCC cases with anti-YAP1 primary antibody (Cell Signaling Technology: / Danvers, MA / 01923 YAP1 Rabbit polyclonal cat# 4912s; 1 in 300 dilution). Formalin fixed, paraffin sections were cut at 5 microns and rehydrated to water. Heat induced epitope retrieval was performed with FLEX TRS Low pH Retrieval buffer (6.1) for 20 minutes (Dako, North America: / Carpentaria, CA / 93013; FLEX TRS Low pH Retrieval Buffer, FLEX HRP EnVision Detection System). After peroxidase blocking, the antibody YAP1 rabbit polyclonal was applied at a dilution of 1:300 at room temperature for 60 minutes. The FLEX HRP EnVision System was used for detection. DAB chromagen was then applied for 10 minutes. Slides were counterstained with Harris Hematoxylin for 5 seconds, dehydrated and coverslipped. IHC was assessed for nuclear and cytoplasmic expression on tumor cells and background benign renal parenchyma by two study pathologists (A.U. and R.M.).
Data Analysis
Exome Analysis-Whole exome tumor/normal paired end sequencing was performed on Illumina HiSeq 2500 instrument and base call files from the instrument were converted to fastq format using Illumina cassava (ref) pipeline. These fastq files were then aligned to human genome build 19 (GRCh37) using novoalign (version 2.08.02, Novocraft Technologies). The sorting and indexing of the bam files were carried out using novosort (1.02.01) and duplicate reads were removed using Picard (version 1.93) furthermore using Picard HsMetrics program we estimated metrics such as on-target and mean coverage for all the libraries. SAMtools (version 0.1. 19 ) was then used to generate the tumor/normal pileup files and were simultaneously used for mutation analysis using VarScan 2 algorithm (version2.3.5) (38, 39) . The somatic mutation vcf file generated were then post processed with variant having phred score>q20, with minimum requirement of at least 10× coverage in tumor library to consider a given position for mutation calling and 10 unique variant reads are required in tumor libraries to make a call. The SNVs vcf files were then annotated using annovar (version) and somatic mutations were further filtered out based on their frequency in 1000 genomes (Aug 2015 release), dbsnp (version 142) and 6500 Exome Sequencing Project. SNVs were also annotated with the Catalog of Somatic Mutations in Cancer (COSMIC version 70) and Clinvar for the hotspot/pathogenic mutations (40) . Small insertion and deletion (Indels) mutations were identified using Pindel (version 0.2.5). The candidate indels were further filtered by the homopolymer/repeat regions, recurrent sequencing artifacts and high recurrence in 1000 Genomes, followed by manual curation and annotation using annovar (40) . The variant allele fraction for Indels presented in Supplementary Table  S3 are based on independent estimation of allelic fractions from the BAM files.
Copy number aberrations were quantified and reported for each gene as the segmented, normalized, log2-transformed exon coverage ratio between each tumor sample and its matched normal sample. To account for observed associations between coverage ratios and variation in GC content across the genome, lowess normalization was used to correct perexon coverage ratios before segmentation analysis. Specifically, mean GC percentage was computed for each targeted region, and a lowess curve was fit to the scatterplot of log2 coverage ratios versus mean GC content across the targeted exome using the lowess function in R (version 2.13.1) with smoothing parameter f = 0.05 (41) .
RNA-seq Analysis-Following sequencing and base-calling, RNA-seq data was aligned using STAR (2.4.0g1) (42, 43) to the GRCh38.p1 reference genome, using the "basic" version of gencode 22 to construct the splice junction database. To identify chromosomelevel differences in gene expression, the genome was divided into genic and inter-genic loci. The total number of reads mapping to each locus was counted using feature Counts (44) . To correct for different sequencing depth and effective library size normalization factors we applied the TMM function (default settings) on reads mapped to diploid chromosomes. Expression of protein-coding genes was quantified by counting the reads overlapping exons of annotated protein coding genes in strand-specific mode. Expression level differences between tumor and normal samples was obtained by applying limma (45) with eBayes(46) adjustment on voom transformed count data. Plots of locus-level expression was produced using GViz (47) .
To compare MTSCC expression profiles with data sets from dissected nephrons we followed a procedure analogous to Davis et al., 2014, and Chen et al., 2016 (3, 48) . Briefly, MTSCC gene expression levels (RPKM) were standardized relative to the mean and standard deviation estimated from normal (benign) renal tissues combined across KIRC, KIRP, and KICH TCGA cohorts. Similarly, expression levels (RPKM) from the rat dissected nephron RNA-seq data (31) were downloaded from GSE56743 and standardized relative to robust estimates of mean and standard deviation across the kidney sections. SAGE data from Cheval et al., 2012 (30) was centered and scaled as described previously by Davis et al., 2014 (3) . Concordance between expression profiles is reported as Pearson's correlation. For human and rat comparisons only 1-to-1 orthologs are used, based on the mappings provided by Ensembl Genes 84. Region specific markers for the rat dataset were nominated as follows: for each region (n=15) the top 40 genes with the most region-specific expression were found. Genes were ranked according to z-scores and sparsity (according to Hoyer)(49) of expression within region. Further, highly correlated markers were removed (PCC > 0.95).
Gene-set Enrichment Analysis (GSEA)-Gene sets in the form of molecular signatures (MSigDb v5.0) and GO-term annotations have been downloaded from MSigDB and NCBI, correspondingly. All enrichment analyses have focused on protein-coding genes. Non-coding genes and genes without a mapping to Ensembl (sep2015.archive.ensembl.org) were removed from the signatures. The randomSet method(50) using shrunken fold-changes from a gene-level score were used to identify significantly up-or down-regulated signatures. RNAseq data from siRNA experiments are deposited in Gene Expression Omnibus (GEO) under the accession number GSE85969.
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